Comparison of Costs for Natural gas Power Generation with CO2 Capture  by Mathieu, Philippe & Bolland, Olav
 Energy Procedia  37 ( 2013 )  2406 – 2419 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.06.122 
GHGT-11 
Comparison of costs for natural gas power generation with CO2 capture 
Philippe Mathieu*, Olav Bolland 
Department of Energy and Process Engineering, Norwegian University of Science and Technology, NO-7491 Trondheim, Norway 
Abstract 
In this paper, different systems to capture CO2 in Natural Gas-fired Combined Cycles (NGCC) are compared from technical and 
economical points of view. Post-combustion capture turns out to be the best technique to remove CO2 from the flue gas at the low 
CO2 concentrations and the high flow rates characterizing the NGCCs. 
From a review of the data on costs of capture available in the open literature, it turns out that the Levelized Cost of Electricity 
(LCOE) and avoided cost presented in the recent Zero Emissions Platform (ZEP) report are the more reliable because they come 
from a synthesis of the data provided by the manufacturers, operators and researchers and because the Natural Gas (NG) prices 
considered in the study, ranging from a low value at 4.5 to a high value at 11 €/GJ with a middle value at 8 €/GJ, are currently the 
most plausible. The costs are provided for 2 types of technology following the demonstration plants, one is NGCC with CO2 post-
combustion capture at the early post-demonstration commercial stage (2020-2030), called BASE case, and the other one is an 
optimization of the first one (2030+), called the OPTI case. 
The results show how high the impact of the NG price is on the LCOE and capture costs. As an illustration, LCOE of NGCC with 
post-combustion capture nearly doubles, from 65 €/MWh for a low price of NG (4.5 €/GJ) up to 115 €/MWh for a high price (11 
€/GJ) at the 2030 horizon (OPTI plant). In terms of avoidance cost, it is nearly twice as much for NG in NGCC as for coal in 
supercritical steam plants (95 €/t vs. 49).The beak-even CO2 price is obtained when the European Union Allowance (EUA) price is 
around 80 €/t for the optimized NGCC case (from 2030 on) and around 110€/t CO2 for the BASE case (2020), both with CO2
capture. Until these CO2 prices are reached, it will be cheaper to build new natural gas-fired plants without Carbon dioxide Capture 
and Storage (CCS) and pay for EUAs, than to build new ones or retrofit existing ones with CCS. Alternative NG fuelled systems 
based on pre-combustion capture on the one hand and on oxy-fuel combustion on the other hand are reviewed here but on the basis
of their performance and costs are currently not threatening the ascendency of NGCCs with post-combustion capture. However, 
these NG based systems are still immature and require new developments and designs so that the costs available in the literature
today are more projections than real costs. Only one option, SOFC/GT, looks very attractive due to its high performance but no 
trustable data on costs are available to date.  
© 2013 The Authors. Published by Elsevier  Ltd. 
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1. Introduction  
If Carbon dioxide Capture and Storage (CCS) is to provide 20% of the CO2 reductions in the portfolio of low-
carbon power generation technologies in order to meet the target of stabilization of CO2 concentration at 450 ppmv, it 
is needed to move rapidly from the successful small-scale CCS projects in operation today to building 3400 
commercial scale projects worldwide by 2050. Nearly all fossil-based power plants will use CCS by 2040 and a list of 
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demonstration plants in Europe and around the world is available on the Zero Emissions Platform (ZEP) website 
[1],[2]. 
In that respect, the implementation of CCS on coal fired power plants could not be sufficient, it will have to be 
made on Natural Gas (NG) fired power plants as well. On top of the high efficiency, the low capital cost and the high 
availability and flexibility, the attractiveness of Natural Gas-fired Combined Cycles (NGCC) has increased with the 
increasing availability of shale gas. A switch from coal to NG in power generation could make the biggest 
contribution of CO2 emissions reduction at the lowest cost. On the other hand, efficiencies of NGCCs are much higher 
than those of coal fired ones (Supercritical Pulverized Coal; Integrated Gasification CC; Fluidized Bed Combustion), 
i.e. 55-60% versus 42-45%. The resulting specific emission in gCO2/kWh for advanced power plants is typically about 
twice as much for coal (~800 g/kWh) as for NG (350-400 g/kWh). The replacement of coal by NG in power 
generation is therefore an efficient way to halve the CO2 emission per unit of generated electricity. 
2.  Specificities of NG versus coal in power generation 
NG and coal differ by their C/H ratio, lower for NG, and hence by the CO2 concentration in the flue gas, i.e 10-15% 
vol for coal and 3-5% vol for NG due to a high excess air NGCCs. The theoretical specific work (in kJ/kg) to separate 
CO2 from other gaseous components in the flue gas at a rate of let’s say 90% essentially depends on partial pressure or 
concentration of the components and will consequently be higher for NG. The mass flow rate of the flue gas being 
higher too, the power is greater for NG. In an absorber/stripper system, the desorption heat needed at the stripper is 
today around 4 MJ/kg CO2 extracted for an amine MEA, i.e. 1 MJ for heating the solution, 1 MJ to vaporize water and 
2 MJ to break the chemical bonds, and is expected to be 2.5- 3 MJ/kg CO2 extracted by the developments of new 
solvents and higher integration [3;4;5]. 
The first-generation capture technologies applicable to coal fired power plants, i.e. post- and pre-combustion and 
oxy-fuel combustion capture, are applicable to NG as well. While the CO2 concentrations and the mass flows are not 
the same, the post-combustion capture using solvents in absorber/stripper systems can be used in both cases and 
generates a similar efficiency penalty, around 10% points. Today a capture rate of 90% can be achieved in base load 
operation with advanced solvents. The concern over the environmental impact of amine losses from the CO2 capture 
unit is a more critical issue with NGCC, resulting from high volatility and from a higher solvent degradation due to the 
higher air excess and thus a higher O2 concentration in the flue gas. At large scale deployment of CCS, several 
hundreds of big post-combustion power plants (coal and NG fired) will require huge amounts of chemicals such as 
amines, needing the development of chemical plants accordingly, and will generate large amounts of wastes to manage 
and dispose of. This is a big challenge related to post-combustion capture. 
Oxy-fuel combustion capture in a steam boiler is also feasible with NG but the adiabatic flame temperatures and 
ratios radiation/convection are not the same for NG and coal when air is replaced by nearly pure oxygen. If the boiler 
is kept unchanged, with the same heat output, the O2 supply and the flue gas recirculation rate have to be adjusted 
accordingly [6]. 
Pre-combustion capture is applicable to NG too [7]. Coal gasification is replaced by NG steam reforming 
generating a syngas which can be shifted by steam to a mixture CO2/H2. After separation of CO2 by a physical 
absorption in a solvent, such as Selexol, the resulting fuel is nearly pure hydrogen after purification for both coal and 
NG cases. H2 is the new fuel and combustion of a hydrogen-rich fuel in a gas turbine is not yet standard practice but it 
is believed that any problems could be readily overcome. 
Pre-combustion and oxy-fuel-combustion CO2 capture in new build NGCCs or in the retrofit of existing ones, will 
require major modifications and more particularly a new design of the compressors and expanders operating on a rich-
CO2 working fluid.  
The post-combustion capture presents important advantages over pre- and oxy-fuel CO2 capture alternatives for 
NGCC by utilization of high firing temperature G, H or J class state-of-the-art gas turbines (1400°C). With a proper 
integration and the use of steam blades’ cooling, the NGCC efficiency without capture increases up to 60% to date and 
up to 65% with the future advances in GT technology. That means that with an efficiency penalty of 10%-points, the 
resulting efficiency with capture will be at 50 to 55% and still higher, up to 60%, with a lower efficiency penalty. 
NGCC with capture will show the same efficiency with capture as the one today without capture. 
Since the NG price is not expected to decrease in the future, novel alternative capture systems have been developed 
and will be compared here to NGCC with post-combustion capture. That was the objective of a FP6 European project 
ENCAP [7] where a survey of pre-combustion and oxy-fuel combustion capture was made. The performance and costs 
are calculated with common computational assumptions on the following systems, for which detailed flow diagrams 
and results can be found in [6; 7; 8; 9]: 
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1) First generation NG based power plant concepts with CO2 capture (power output at 393 MWe) 
 Post-combustion capture with CO2 capture from the exhaust gas using amine absorption 
 Pre-combustion capture with auto-thermal NG steam reformer and with an Air Separation Unit (ASU) for the 
O2 generation and an absorption process to separate CO2 from H2.
2) Second generation NG based power plant concepts with CO2 capture (all with a power output at 393 MWe), all 
oxy-fuel combustion cycles 
 SCOC-CC (Semi-Closed Oxygen Combustion Combined Cycle) or MATIANT-CC 
 Water cycle (Clean Energy Systems, Inc., California) 
 S-Graz Cycle 
 CLC (Chemical looping Combustion) Reheat Gas Turbine Combined Cycle 
 AZEP85 - Advanced Zero Emission Power Plant with 85% CO2 capture rate 
 SOFC/GT - Solid Oxide Fuel Cell integrated in a Gas Turbine cycle  
In the category of oxy-fuel cycles, the AZEP cycle is based on the integration of high-temperature membranes to 
separate O2 from air in a GT cycle. The development of a CO2 GT can be avoided in some configurations, called 
AZEP100 and 100% CO2 retention rate, that of high-temperature ceramic membranes under pressure is needed. In the 
AZEP85 cycle, an afterburner is used to raise the GT inlet temperature and achieve higher efficiency but at the cost of 
the release of 15% of the total CO2 formed in the afterburning.  
In pre-combustion and oxy-fuel capture concepts, the key issue is the production of oxygen whereas CO2 is easily 
separated from H2O by condensation of the flue gas. That will lead to a similar penalty on plant efficiency as the one 
due to separation CO2/N2 in the flue gas. The techniques available to date are the air separation unit using cryogenic 
distillation on the one hand and solid dense membranes operating at high temperature on the basis of O2 transport by 
ion conduction or mixed ion/electron conduction, on the other hand. The first technique is mature but can still be 
improved to reduce the electricity consumption. The membranes, which are still under development, are more efficient 
in the separation process and applicable to the separation of CO2 and H2 and of O2 and N2.
Most of oxy-fuel systems will require a new design of the turbo-machinery to operate on a CO2/steam mixture as 
working fluid. 
Today no experience exists on the making and operation of all these systems so that their costs are difficult to 
predict since some components such as CO2 GT and membranes, are not available yet. The results of the modelling of 
all these cycles carried out in [6; 8;9] are presented in Fig 1. 
58.0
49.7
46.9 47.7
43.1
48.6
51.3
52.5
67.3
40.0
42.0
44.0
46.0
48.0
50.0
52.0
54.0
56.0
58.0
60.0
62.0
64.0
66.0
68.0
N
et
 p
la
nt
 e
ff
ic
ie
nc
y 
[%
 L
H
V
]
Fig 1 Net plant efficiencies of a base case NGCC without CO2 capture and various power cycles with CO2 capture. 
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The net plant efficiencies of a base case NGCC without CO2 capture (58%) and of 7 alternative power cycles with 
CO2 capture are presented on Fig 1. The post-combustion capture using amines (49.7%), the ATR (47%), the oxy-fuel 
SCOC or MATIANT CC (47.7%), the S-Graz cycle (48.6%) show similar efficiencies while the Water cycle (43.1%), 
simpler and based on the use of existing steam turbines, is much less efficient. On the other hand, the efficiency of 
concepts involving new and emerging technology such as CLC (51.3%), AZEP 100 are around 50% while it is 53% 
for the AZEP 85 concept. The great winner of these alternative options is clearly the SOFC/GT with efficiencies 
ranging from 65 to 70%. However, the power output is still low and that of the largest demonstration plant without 
CO2-capture is currently 220kWe. A 20MWe installation with 70% efficiency is in the projects of Siemens but a 
SOFC-GT plant at 400MWe is considered as a long-term option. 
Looking at the CO2 capture efficiency, the amine, the ATR/ASU and the AZEP 85% concepts have CO2 retention 
rate of around 85-90%, while the other oxy-fuel concepts are nearly zero emission cycles, with a retention rate above 
90% and sometimes close to 100%.  
In oxy-fuel cycles, argon, nitrogen and water concentrations in the CO2 stream being too high to meet the design 
CO2 quality requirement, they have to be separated from the stream, and the energy consumption will lower the cycle 
net efficiencies. 
Considering the state-of-the-art amines, NGCC (58%) with post-combustion capture has an efficiency around 50%, 
the penalty being 8%- points. With more advanced GTs (NGCC at 60%) and more advanced solvents, this penalty can 
go down to 6 %-points and the resulting efficiency will be around 54 % and with the most advanced NGCC with 
efficiencies rising up to 65%, it will be around 60%. 
In this latter case, almost all the alternative systems are below that figure, apart from a SOFC/GT, which is 
discussed separately in a later section. 
3.  Methodology  
In most of the academic studies available in the public literature, the calculation of costs is carried out using either 
the Net Present Value (NPV) method or the Levelized Cost Of Electricity (LCOE) over the economic lifetime. If 
NPV, expressed by the sum of discounted cash in- and out-flows and depending mainly on the discount rate, is 
positive then the investment on a project can be done.  
However, there are a lot of discrepancies among the studies so that it is difficult to make reliable comparisons of 
different technical options on the only economic basis, particularly for novel and emerging technologies. It is 
theoretically possible to obtain basic data on CCS technologies from various sources. However, relevant information 
is scarce and costs are differing significantly between different regions. Equipment costs are most of the time 
calculated from academic models and show a wide range of figures and uncertainties. Economic quantities, such as the 
discount rate, are very difficult to predict and are used as parameters in the sensitivity analyses. Differences in 
assumptions may include the size and location of power plant, whether the costs refer to a base case or an optimized 
case, first-of-a-kind, or nth-of-a-kind power plants that have assumed some future cost reduction, assumptions made 
on the level of plant integration between capture, compression and plant design, CO2 export conditions, the year in 
which the study is referenced.  
Therefore the ZEP platform members (15 organizations in total, including five independent power companies and 
manufacturers of power plant equipment for CO2 capture[2], have utilized the technical and economical knowledge of 
their members who either manufacture CCS components or have substantial research and experimental experience in 
CCS.
In short, ZEP considers the costs determined in its study [10] to represent the best current estimate for new-build 
commercial power plants with first-generation CO2 capture technologies, entering into operation in Europe in the early 
2020s. 
The calculation of LCOE involves obtaining data on rated capacity kW, capital costs €/kW, fixed Operating & 
Maintenance cost €/kW/year, variable O&M cost €/kWh, efficiency %, economic life years (40 years for coal, 25 
years for NG), capacity factor %, fuel cost €/GJ, fuel Low Heating Value kJ/kg and construction lead time years. 
The LCOE allows comparison of different power generation technologies of unequal economic life, capital cost, 
risk and returns, capacity factor, efficiencies, fuel costs. It involves also assumptions on 2 key factors, i.e. the capacity 
factor and the discount rate needed for the calculation of the Capital Recovery Factor that converts a present value into 
a series of equal annual payments over a specified time, at a specified interest rate. 
LCOE is generally expressed by the following expression 
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LCOE (€/MWh) = (CAP* CRF) /(CF*Power net) + (O&M + MOE) + Tax * emission kg/MWh,  
where CAP = Initial Capital Cost (total debt), € and CRF = Capital Recovery Factor  
CRF= [i(1+i) n]/[(1+i) (n-1) ]      with interest rate i.
CF*Power net = Net Annual Energy Production, MWh/y  = (MW capacity) * (capacity factor) * (hours/y) 
O&M = Levelized Operating & Maintenance Expense €/MWh 
MOE = Miscellaneous Operating Expense, including Levelized Replacement/Overhaul Cost, land cost €/MWh 
The avoidance cost is the ratio of the difference of LCOE of the plant with capture and the same plant without 
capture i.e. the reference plant and of the difference of specific emission of the reference plant (350-400 g/kWh for a 
NGCC) and the same plant with capture (410-470 g/kWh i.e. an increase by 17% for a 10%-points efficiency penalty. 
As shown on Fig 2, the amount of CO2 avoided is always less than the amount of CO2 captured so that the 
capture cost in €/t CO2 avoided is greater than the cost in €/t CO2 captured.
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Fig 2 CO2 avoided and captured 
The avoidance cost is the ratio of the difference of LCOE of the plant with capture and the same plant without 
capture i.e. the reference plant and of the difference of specific emission of the reference plant (350-400 g/kWh for a 
NGCC) and the same plant with capture (410-470 g/kWh i.e. an increase by 17% for a 10%-points efficiency penalty 
and of the difference of specific CO2 emission without and with capture. The amount of CO2 avoided is always less 
than the amount of CO2 captured so that the capture cost in €/t CO2 avoided is greater than the cost in €/t CO2 captured  
In the ZEP report [10], three levels of the NG price are considered for sensitivity analyses: a low one at 4.5 €/GJ, a 
middle one at 8 and a high one at 11 €/GJ. The economic and financial parameters are the economic lifetime (25 
years), the capacity factor (base load = 85 %) and the discount rate as a parameter 10, 15 and 20%. The efficiency 
penalty is taken at 10 % points for current NGCCs with capture. 
For comparison and future predictions, two cases of the technology development are considered: 
1) The BASE case represents today’s technology choices at the early commercialization stage following 
demonstration plants (2020-2030) – including full economic risk, margins, redundancies and proven components – 
and will be the very first units to be built following the demonstration phase. This constitutes a conservative cost 
level in the early 2020. The reference NGCC has a power output of 420 MWe with a F-class GT and 3 pressure 
levels with reheat in the heat recovery steam generator, an efficiency of 58% and a capital cost of 330 M€ or 785 
€/kW. The loss of power is 70 MWe and an efficiency penalty due to post-combustion capture is calculated at 10 % 
points. The investment for capture amounts at 640 M€ (1524 €/kW), nearly a doubling with respect to the reference 
NGCC.
2) The OPTI case represents a technology based on optimized plants with post-combustion capture commercialized at 
full size (2030+), including technology improvements and higher level of plant integration but not a completely 
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new not mature technology. Now the reference NGCC has an efficiency of 60% and a capital cost of 330 M€ i.e. 
785 €/kW. The loss of power is 56 MWe and the efficiency penalty due to post-combustion capture is calculated at 
8 % points. The investment amounts at 550 M€ or 1310 €/kW, i.e. 1.7 times that of the reference NGCC. 
The OPTI case is less capital intensive and more efficient without and with capture than the BASE case. As the less 
expensive option will always be chosen during the first 10 years of deployment, the figures corresponding to the 
BASE case in the ZEP study are the most likely to represent CCS plants commissioned in the early 2020s. During 
this period, the three main capture options will also develop considerably, leading to an efficiency increase and a 
decrease of the capital and O&M costs. 
In terms of cost of the kWh, the structure of the kWh cost is quite different for NGCC and Supercritical Coal fired 
plants. It is indeed much more sensitive to the fuel price for NGCC (60-70% of the kWh cost) and to a lesser extent to 
capital and O&M costs (discount rate) and load factor. 
Due to the facts that the total investment cost is lower for NGCC (330 M€ for 420 MWe, or 786 €/kWe) than for 
Supercritical Coal fired plants (1260 M€ for 736 MWe or 1710 €/kW), the addition of a capture unit in the flue gas 
nearly doubles the total investment for NGCC (640 M€ or 1520 €/kWe) while for coal that ratio is lower (1660 
/1260=1.32).  
Assuming that the efficiency penalty is the same in both cases, i.e. 10%-points for the BASE case, the additional 
fuel consumption for NG (reference plant at 58% efficiency) will be 10/58 = 17% while it is 10/45 = 22 % for coal 
(reference plant at 45% efficiency). For the NGCC OPTI case (reference plant at 60% efficiency), the penalty 
decreases from 10 to 8%-points and the additional fuel consumption becomes then 8/60= 13%. However the “middle” 
price of NG being 8 €/GJ, it is 8/2.4 ~ 3.3 times higher than the coal price (2.4 €/GJ), the additional fuel cost will in 
the end be higher for NG than for coal for the same kWh production both in BASE and OPTI cases. Consequently, 
while the first-generation capture technologies are technically applicable to both fuels, the costs will however be 
significantly higher for NG in terms of LCOE and avoidance cost. This leads to a higher risk to invest in capture with 
NGCC, the decision to invest depending mainly on fuel and CO2 prices, both being fixed today by the market.  
4. Analysis of the results 
The analysis is based on costs provided in the most recent report by the Zero Emissions Platform (ZEP) for new-
build coal- and gas-fired power plants, located at a generic site in Northern Europe from the early 2020s. The costs are 
in line with technological developments in 2010. 
The EU CCS demonstration programme (see ZEP list) will not only provide more reliable costs of CCS, but be the 
starting point for performance improvements and for future cost reductions.  
Recent reports from IEA [1] indicate that the costs of post-demonstration CCS with coal (€70-90/MWh) and gas 
(€70-120/MWh) are in good agreement with those presented in ZEP’s study.  
On NG operation, the reference LCOE is 72 €/MWh for a reference NGCC at 58% efficiency in base load using a 
single shaft F class GT. The post-combustion capture turns out to be the best technical choice and the cheapest capture 
option for NG. With a 10% points efficiency penalty, LCOE increases by up to 43% (from 72 to 103,5 €/MWh) for a 
NGCC plant with post-combustion capture in the BASE case, i.e. at the early stage of its post-demonstration 
commercialization. This increase will be +31% (from 69.3 to 91.5 €/MWh) for a fully optimized NGCC plant with 
post-combustion capture when at the full size commercialization (OPTI case), where the efficiency of the reference 
NGCC plant is 60% and the efficiency penalty with CCS is 8 % points.  
CCS having not been demonstrated yet at a commercial scale, the costs provided in the ZEP report refer to carbon 
capture at plant level, i.e. a 80 €/MWh average LCOE (€70-90/MWh) for coal and 95 €/MWh for natural gas (range: 
€90 and 105/MWh for OPTI and BASE plants, respectively). Until a significant number of demonstration plants have 
been operated for significant time frames, total costs will remain uncertain. Nevertheless, the break-even CO2 price, 
when the LCOEs of a given power plant without and with CCS are equal, is about 35 €/t CO2 for coal and 90 €/t CO2
for natural gas, more than the double that of coal. 
For coal-fired power plants with capture, CO2 avoidance costs are calculated to be in the range of €28.5 to €37.2/t 
CO2 for the middle fuel cost of €2.4/GJ (the range being 2 ; 2.4 and 2.9 €/GJ). The upper limit of the costs (37.2 €/t) is 
considered to be more representative of a BASE early commercial power plant with three parallel capture trains, 
whereas the low limit (28.5 €/t) is more representing an OPTI coal plant. 
For NGCCs (420 MWe) with post-combustion capture, the LCOEs and avoidance costs are shown in Table 1 for 3 
NG prices and for 2 states of technology development, i.e. the BASE case with a reference at 58% efficiency and the 
OPTI case with a reference at 60% efficiency [10] 
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Table 1. LCOEs and avoidance costs for 3 NG prices (4.5, 8 and 11 €/GJ) and for the BASE and the OPTI case (figures in bold) 
BASE OPTI BASE OPTI BASE OPTI
LCOE Reference plant €/MWh 47.2 45.5 72 69.3 93 89.7
LCOE Plant with CO2 capture €/MWh 73.7 64 103.5 91.5 129 115
Capture cost €/t CO2 92 66 110 79 125 90
fuel price 4.5 €/GJ fuel price 8 €/GJ fuel price 11 €/GJBASE = NGCC 420 MW@58% efficiency
OPTI = NGCC 420 MW@60% efficiency
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Fig 3. Cost of CO2 avoided in €/t CO2 for the BASE and OPTI cases for 3 NG prices 4.5, 8 and 11 €/GJ
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Fig 4  LCOE in €/MWh for the reference NGCC (blue bars) and the same plant with post-combustion capture (red bars) in the BASE case 
When the NG price increases from 4.5 to 11 €/GJ, moving from a BASE plant to an OPTI one leads to a small 
decrease of LCOE by 2 to 3 €/MWh for the reference, while this decrease is more significant for NGCC with capture, 
i.e. by 10 to 14 €/MWh or + 12% for 8€/GJ. As shown on Fig 3, the decrease of the capture cost from BASE to OPTI 
plants is very marked too, by 16 to 35 €/t for low and high NG prices respectively and 30 €/t or – 27% for 8€/GJ.  
For the middle fuel price, i.e. 2.4 €/GJ for coal and 8 for NG, the avoidance costs are 33 €/t for coal and 110 for NG 
in the BASE case and 28.5 €/t against 79 in the OPTI case, that is around 3 times more for NG, partly due to the lower 
 Philippe Mathieu and Olav Bolland /  Energy Procedia  37 ( 2013 )  2406 – 2419 2413
CO2 production in NGCC at a given power output. As shown in Table 1 and Fig 4, in all the cases considered here, the 
LCOE is significantly higher with capture than for the reference NGCC for both BASE and OPTI cases. In the BASE 
case, the LCOE increases are +56% for 4.5 €/GJ, +44% for 8 €/GJ, +39% for 11 €/GJ. In the OPTI case, the LCOE 
increases are +41% for 4.5 €/GJ, +32% for 8 €/GJ, +28% for 11 €/GJ. That shows that the NG price increase partially 
compensates in percentage the impact of capture on LCOE increase, that compensation being higher for the OPTI 
case.
Only when the NG price is lower than €5/GJ (the lower bound of the NG price range considered here), the LCOE 
with NGCC is competitive with that of a supercritical coal-fired steam plant (around 65 €/MWh), in the OPTI case and 
at low and middle coal prices (2 and 2.4 €/GJ). Of course, in absolute terms, the LCOE will decrease in the future 
since more efficient and less costly separation techniques will be developed, such as new solvents for chemical and 
physical absorption, new sorbents for adsorption processes, new membranes for CO2 separation from H2 and for O2
separation from N2. On top, a higher level of integration will lead to higher efficiencies and lower costs.  
The costs obtained for the OPTI power plant (2030) in the ZEP study are comparable with those in other studies 
available in the open literature, but somewhat higher than others such as those calculated by Rubin. Both the capital 
costs and O&M costs used by ZEP are higher, suggesting that it has adopted a more conservative approach. 
The capture costs and LCOE calculated in the years 2000 are always lower than those of this study essentially 
because the NG price was lower, in the range 3 to 5 €/GJ, i.e. the lower bound of this study, and because the value of 
the US dollar with respect to the Euro was lower. 
Similarly to other recent studies listed in the ZEP report, the costs of previously published studies are correlated by 
levelizing them to the particular boundary conditions of the ZEP study [10]. In order to compare results, the maximum 
possible amount of technical and economic data are taken from these studies, such as relevant power plant costs and 
O&M data, and adjusted to the second quarter of 2009 (with an appropriate cost correction curve).The costs are 
recalculated using the boundary conditions established in this study for the middle fuel prices.  
Table 2. COE and capture cost for coal supercritical power plant and NGCC with and without capture from the IPCC 4th assessment report in 2007 
[11] 
PC CO2 capture 
PC
no capture 
NGCC CO2 capture 
NGCC 
no capture 
CO2 emission kg/MWh 92-145 736-811 40-66 344-379 
COE $/MWh 62-86 43-52 43-72 31-50 
COE €/MWh 30-36  34-57 24-40 
Capture cost $/t CO2 23-35 33-57 
Capture cost, captured €/t CO2 17-28 22-42 
Capture cost, avoided €/t CO2 24-40 26-52 
In that way, the discrepancies between studies may be explained on basis of assumptions and uncertainties on data, 
however the general trend showing a much higher cost for capture for NG than for coal is observed in all studies. 
LCOE and capture costs are globally in a satisfactory agreement with the figures found in other studies. 
As an illustration of the discrepancies on costs, the figures provided in the IPCC2005 report [11] show that the 
avoided cost was evaluated in a wide range of 37-74 $/t CO2 avoided = 26- 52 €/t (with $2005=0.7 €). The upper limit 
(52 €/t) is still lower than the lowest value in Table 1 (66 €/t). 
In the construction of its technology roadmap for CCS deployment, IEA [1] has used avoidance costs at around 35 
$ to 50$/tCO2 avoided (28 to 40 €/t) for large coal-fired power plants, i.e. the lowest cost within the power sector, and 
53$ to 66$/t CO2 avoided (42 to 53 €/t) for NGCCs. The figures are in good agreement but are significantly lower than 
the ZEP report figures because of a low $ and a low NG price.
According to Rubin et al [13;14], the break-even CO2 price, for which LCOEs are the same for NGCCs without and 
with capture in base load, is 73 $/t or around 50 €/t for a NG price of 6.5 $/MBtu or around 5 €/GJ.
The figures of IPCC in Table 2 correspond to the lower bound of NG prices in the ZEP report (4.5 €/GJ) in Table 
1.The avoidance costs (32-59 €/t) are even lower than the lowest one in the ZEP study, i.e. 66 €/t for an OPTI NGCC. 
While uncertainty in the cost of CCS technology contributes to deviations in the capture costs, the future price of 
natural gas, the utilization over its lifetime (often overestimated), and the financial factors for plant construction 
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contribute most to the overall variability of cost estimates. In addition, the assumed inflation rate alone (constant vs. 
current dollars / euros) produces large differences in the cost of the same system. 
On the other hand, IEAGHG has commissioned Parsons Brinckerhoff [15] to undertake a techno-economic study 
on NGCC with post combustion capture using 2 types of solvent, i.e. conventional non-proprietary amine MEA and 
proprietary higher efficiency solvent. A further case is assessed in which some of the cooled gas turbine exhaust gas is 
recycled to the turbine compressor inlet to reduce the volume of gas that is fed to the capture unit and to increase its 
CO2 concentration. 
The study shows that adding post combustion capture reduces the NGCC efficiency by 7-8 % points, increases the 
capital cost per kW by around 80-120% and increases the LCOE in base load by 30-40%. This latter fork is in good 
agreement with the one in the ZEP report as shown in Table 1, in which the LCOE increase goes down from +41 to 
28% with NG price increase for the OPTI case and is +39% for NG at 11 €/GJ in the BASE case both in base load. 
The break-even CO2 price, where the LCOE is the same for base load NGCCs with and without capture, is at a CO2
price of about €65/t and that when the cost of the plant is the lowest (i.e. post combustion capture with proprietary 
solvent). In the ZEP report (see Table 1), this break-even CO2 price corresponds to the lowest NG price and to the best 
technology, i.e. the case of low NG price at 4.5 €/GJ used in an OPTI NGCC with post-combustion capture.  
5. Economics 
As shown on Fig 5 taken from the ENCAP project (2009) [7],which is the best public source of data on costs, the 
calculated electricity generation costs for the pre-combustion capture and oxy-fuel combustion technologies presented 
in the introduction increase by 20 to 50% compared to the reference NGCC. In that 2004 study, the latter had the 
following characteristics: 400 MWe; 56.5%; COE = 33 €/MWh with a NG price = 3.5 €/GJ; specific emission 383 
g/kWh. All the 4 oxy-fuel CO2 cycles and the 4 pre-combustion capture systems show similar LCOE in the range 45-
50 €/MWh. On the basis of LCOE, all the considered cycles are more expensive than the reference NGCC. In the 
framework of the technical and economical assumptions of the ENCAP study, only CLC CC are cheaper than the 
other options, especially the CLC2 CC based on membranes to separate O2 from air. The resulting CO2 avoidance 
costs are in the range 20 to 50 € /t avoided CO2 mainly depending on NG price (3.5 €/GJ in the ENCAP study). On the 
basis of avoidance cost, CLC CC systems, particularly the one using membranes, as well as the pre-combustion 
capture using membranes under pressure show cost around 30 €/t and therefore may be considered as competitive to 
NGCC with capture and deserving of interest for future developments. Among the evaluated newer and therefore less 
validated technologies [7;12], CLC is used on coal and pet-coke as well as on NG and appears promising with 
potentially higher efficiencies and lower costs, but is still far from technical maturity and needs a lot more R&D,D.  
Although the evaluations and comparisons of the technologies considered in the ENCAP study are still valid today, 
the absolute levels of the calculated costs are generally lower than they would be today if the investment and cost had 
been calculated in 2012 instead of during 2004 and 2005 and if the considerable increases in NG price were used. For 
example, the main issue with NG fired oxy-fuel concepts is the requirement of a substantial design modification of the 
gas turbines and of components operating on CO2-rich mixtures [6;7;8;9]. The impacts on the costs are consequently 
difficult to assess and to obtain more accurate and reliable data, pilot and small scale demonstration are needed. 
In the ZEP report, the projected costs from ENCAP have been adjusted to the boundary conditions of the ZEP 
study. The LCOE for a reference OPTI NGCC with middle NG price at 8 €/GJ is 73.7 €/MWh, i.e. nearly the half of 
the one in the ENCAP study, namely 34 € /MWh, and rises up to 91.5 with post-combustion capture in the OPTI case 
and up to 103.5 €/MWh for the BASE case. LCOE calculated for CLC CC are about 88 €/MWh, i.e. +19% compared 
to OPTI reference NGCC with post-combustion capture, whereas the LCOE of the 4 oxy-fuel cycle are in the range 
97-103 €/MWh. For ATR/ASU, pre-comb CAR and pre-comb membrane [12], LCOEs are around 100 €/MWh too. 
All these systems with LCOEs around 100 €/MWh are of the same order of magnitude as LCOE for the BASE case 
(103.5 €/MWh). LCOEs are however 36% higher than the OPTI reference NGCC with post-combustion and do not 
look on that basis to be cost-competitive in the long term. 
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Fig 5  LCOE in €/MWh (red bars) and capture cost in €/t CO2 avoided (blue bars) for 11 alternative options from the ENCAP study:  CLC CC1 
double reheat, CLC CC2double reheat with membrane, CLC CC3 single reheat, oxy-fuel  Water cycle, Graz, S-Graz, SCOC-MATIANT CC, Pre-
combustion capture ATR/ASU, Pre-combustion CAR, Pre-combustion with membranes no pressure, Pre-combustion with membranes under 
pressure. The LCOE of the reference NGCC is 33 €/MWh. 
Considering now the CO2 avoidance cost, it is 110 €/t for the reference BASE NGCC with post-combustion capture 
while it is 79 €/t for the OPTI case, i.e. a decrease by 27%. The merits of the alternative options have to be compared 
to the BASE case figures since it will appear first in the technology deployment. It is around 45€/t for CLC CC and in 
the range 73-80€/t for S-Graz and SCOC/ MATIANT cycles and around 95€/t for the Water and Graz cycles. For 
ATR/ASU, pre-combustion CAR, pre-combustion membrane low pressure, it is in the range 87 to 103 €/t. However, 
for the pre-combustion capture based on membranes at high pressure, the avoidance cost goes down to 70 €/t. All the 
considered alternative concepts have an avoidance cost below the 110 €/t in the BASE case and should theoretically be 
cheaper or at a similar capture cost. 
On the basis of the adjustments of the avoidance costs available in ENCAP to the boundaries of the ZEP study, 2 
options are less expensive than the reference and might be worth of further development, namely CLC CC2 and pre-
combustion capture with membranes under pressure. This conclusion is the same as the one derived from the ENCAP 
study (see Fig 5) but has to be looked at cautiously since a lot of assumptions and of uncertainties are hidden behind 
the figures for concepts which are still under development and for which no real experience is existing. Indeed, even 
the calculation of the performance is submitted to uncertainties, since cycle performance studies found in the literature 
have been carried out with various models and computational assumptions, and with the application of different 
software tools with various thermodynamic property models. 
 According to the IEA CCS technology roadmap however, innovative capture options will be proven by 2030 and 
in particular chemical looping will be tested on coal and gas[1]. 
On the basis of efficiencies, almost all the alternative concepts, apart from a SOFC/GT, remain below the most 
advanced NGCC with capture (55-60%) and on top of that, on the basis of costs, no alternative concept decisively 
exceeds the capture cost of NGCCs with post-combustion capture (80 €/t for OPTI case).  
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Now that no alternative options based on NG is really threatening NGCC with post-combustion capture, what about 
the competition with coal based plants with post-combustion capture? 
The LCOE of a reference hard coal-fired power plant is around 48€/MWh, rising up to 65-70€/ MWh with capture 
for an OPTI plant, whatever the capture option is among the 3 first generation capture technologies. The LCOE of a 
reference NGCC is around 70€/MWh, rising up to around 90€/MWh with capture. In terms of LCOE, NG is more 
expensive than coal both without and with capture. 
However, with a lower capital cost but a higher fuel cost than coal, the LCOE of NGCC without capture can only 
be cost-competitive with coal-fired power plants with capture when the NG price is low, i.e. below 5 €/GJ.  
CO2 avoidance costs against a reference plant with the same fuel are around 30€/t avoided for coal and more than 
the double in the best condition (OPTI NGCC), i.e. around 80€/t CO2 avoided for NG, all figures excluding transport 
and storage costs, and around 110 €/t CO2 avoided for the BASE NGCC. On that basis, coal is undoubtedly the 
cheapest option for capture use and even more, for NGCC without capture to be cost –competitive compared to coal-
fired power plants with capture, the CO2 price in the ETS should be around 35 €/t. 
6. A highly efficient system; SOFC/GT 
Among the future possible options, a particularly attractive one consisting in a combination of a solid oxide fuel 
cell, reforming internally the methane, and a GT cycle as shown on Fig 6 and having an efficiency as high as 65-70% 
[16;17]. The big drawback of this system is its rather low power output of a few hundreds of kW to about 2-3 MWe. 
Even if there are currently some pilots of SOFC and SOFC/GT, much larger capacity SOFC cells are needed as well 
as pressurization and integration into combined cycles for power generation systems with CCS. The unconverted fuel 
(about 85% of the fuel input) in the CO2- rich SOFC exit tail gas is burnt in an oxy-fuel combustion unit. Only a few 
small power SOFC-GT power plants are demonstrated in the world. 
Fig 6 Scheme of a SOFC/GT with capture. SOFC replaces the combustion chamber in an air GT cycle with an afterburner using a membrane to 
separate O2 from nitrogen in air and oxidize the unconverted fuel. CO2 and water are separated by condensation of the CO2/steam turbine exhaust 
The key potential advantage of SOFC with CCS is that the SOFC generates a very high CO2 concentration gas 
stream on the anode without being diluted in nitrogen, offering so the prospect of reducing the CO2 capture penalty in 
terms of efficiency and costs. CO2 may be captured by using the conventional absorber/stripper system. Another 
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option is to use a membrane reactor, shifting the syngas CO+H2 in steam to form CO2+H2 and then separating CO2
from H2 through a hydrogen selective membrane.  
Capture in such systems would reduce the efficiency by some 6-7 %-points, i.e. a penalty nearly the half of that in a 
current absorber/stripper system. The efficiency of a SOFC/GT system with capture would be around 55-60% 
whatever the power output. In [17], the calculated electrical efficiencies of SOFC/GT with afterburners using 
membranes for O2 or for H2 separation of 65-67 % according to the configuration were considerably higher than any 
other known power cycles with CO2 capture and compared to the reference case without CO2 capture (electrical 
efficiency of 70.5 %), the efficiency penalties were in the range 3-6 %-points. 
This near-zero emission power plant has the efficiency of the best NGCC without capture today, that means that the 
amount of NG consumed is the same for the generation of 1 kWh, however no reliable data on the capital and O&M 
costs are available in the literature. 
A key disadvantage of SOFC with CCS is that, because of scale, it is likely to be considerably less efficient than a 
NGCC with CCS, particularly because the latter provides sufficient volumes of CO2 from one point source to support 
viable CO2 transport and storage operations. Once the SOFC/GT system is demonstrated at a scale of let’s say 20 
MWe, it will be needed to design a plant of 400 MWe by assembling a lot of units (100 and more) to achieve an 
economy of scale. However, even if the SOFC/GT system poses a scaling issue, it might find its own niches, like 
dispersed carbon-free power (oil platforms, islands) and H2 production. 
7. Conclusions 
This paper provides updated information about the competitiveness of NG with capture to date and in the future. 
Technically speaking, only post-combustion capture makes sense since it allows taking advantage of two key 
developments: 
1. The advances in GT technology leading to efficiencies beyond 60%, these advances being not transferable to the 
other capture technologies, such as pre-combustion and oxy-fuel combustion capture, and the development of 
new amines with desorption heat as low as 2.5 MJ/kg CO2 or less. 
2. The efficiency of NGCC with CCS could then reach some 52-53% and around 60% when GT technology 
advances will lead to NGCC efficiencies up to 65%. 
With the current and future prices of NG, NGCC with post-combustion capture, either new built or in retrofit, is 
and will remain much more expensive than coal technologies in terms of both LCOE and of avoidance cost, the latter 
being about 3 times higher. The break-even point, i.e. when LCOE is the same with and without capture, is at 90-100 
€/t for NG against 35-40€/t for coal with “middle” prices of NG at 8 €/GJ and of coal at 2.4€/GJ respectively. On the 
basis of capture cost, NGCCs without capture would have the same LCOE as the one of coal-fired power plants with 
capture, namely around 80 €/MWh, when the European Union Allowance (EUA) price of CO2 on the European 
Emissions Trading System (ETS) market is around 35€/t. 
NGCCs without post-combustion capture and coal-fired power plants with post-combustion capture will have the 
same LCOE (around 65 €/MWh) when the NG price is below 5 €/GJ, at its level of 2005. Today and up to 2020, coal 
remains the cheapest option for CCS.  
R&D on alternative options shows that most of them will not reach technical maturity by 2030. According to the 
data collected from the open literature about new and emerging technologies, still at the level of R&D or at the best of 
a pilot, 2 concepts look less expensive than a NGCC with post-combustion capture, i.e. Chemical Looping 
Combustion in GT cycles and Pre-combustion capture (IRCC) using membranes at high pressure for CO2/H2
separation. However, only pilots on coal exist for CLC while the technology has still to be tested on NG and 
membranes are still under development for IRCC. Since no real practical experience does exist for all the alternative 
options, their costs contain many uncertainties technical and economical and are generally underestimated. 
The most efficient alternative system and the closest to zero emission is a combination of a SOFC and a GT, but 
does not take advantage of an economy of scale. In addition, no reliable data on costs are available. On the other hand, 
the assumptions made in the calculation of performance and costs lead to too high uncertainties to consider this 
conclusion differently than an indication for the possible future R&D. 
LCOE and capture cost being very sensitive to NG price and to a lesser extent to discount rate and load factor, the 
risk to invest in capture with NG is high. Without strong financial measures complementing the ETS scheme and its 
possible deficiencies and without policy actions from the national and international governments to encourage 
specifically CCS at NGCC plants, first generation capture technology on NG based power generation has no bright 
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future ahead. A mix of additional financial measures has to be implemented to compensate the too low carbon price on 
the EAU market and to ensure the timely decision of investment (for instance, feed-in tariffs, CCS certificate scheme, 
CO2 (national) emission tax, National CO2 Emission Intensity Target for power generation decided at EU level). 
Consequently, it is more economical today for an operator to pay for the CO2 emissions (tax or emission allowance) 
than to invest in a capture unit, especially if it is operated out of base load, and that until the CO2 price reaches at least 
80 €/t in the ETS framework or until specific incentives are implemented to promote the use of NG in CCS 
technology.
Although the alternative options considered in this study can potentially take advantage of advances in GT 
technology, they will undergo serious delays in their developments due to a lack of market. The road that takes shape 
is the development of very efficient NGCCs with post-combustion capture (60%+) which are based on available 
technologies, benefit of the economy scale, are suitable for important advances and are flexible with respect to 
operation.  
Nomenclature 
ASU Air Separation Unit 
ATR Autothermal reforming in pre-combustion capture 
AZEP Advanced Zero Emission Power cycle  
CAR Ceramic Autothermal Recovery 
CCS CO2 Capture and Storage 
CLC Chemical Looping Combustion  
ENCAP Enhanced Capture, project in the 6th European Framework Programme 
ETS Emissions Trading System 
EUA European Union Allowance 
GJ Gigajoule 
GT Gas Turbine 
IRCC Integrated Reforming Combined Cycle 
LCOE Levelized Cost Of Electricity (€/MWh) 
NG Natural Gas 
NGCC Natural Gas-fired Combined Cycle 
SCOC-CC/MATIANT Semi-Closed Oxygen Combustion Combined Cycle or MATIANT-CC 
SOFC Solid Oxide Fuel Cell 
t metric ton 
ZEP Zero Emissions Platform 
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